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Summary
When affected probands and their biological parents are
genotyped at a candidate gene or a marker, the resulting
case-parents–triad data enable powerful tests for linkage
in the presence of association. When linkage disequilib-
rium has been detected in such a study, the investigator
may wish to look further for possible parent-of-origin
effects. If, for example, the transmission/disequilibrium
test restricted to fathers is statistically significant,
whereas that restricted to mothers is not, the investigator
might interpret this as evidence for nonexpression of the
maternally derived disease gene—that is, imprinting.
This report reviews existing methods for detection of
parent-of-origin effects, showing that each can be invalid
under certain scenarios. Two new methods are proposed,
based on application of likelihood-based inference after
stratification on both the parental mating type and the
inherited number of copies of the allele under study. If
there are no maternal genetic effects expressed prenatally
during gestation, the parental-asymmetry test is pow-
erful and provides valid estimation of a parent-of-origin
parameter. For diseases for which there could be ma-
ternal effects on risk, the parent-of-origin likelihood-ra-
tio test provides a robust alternative. Simulations based
on an admixed population demonstrate good operating
characteristics for these procedures, under diverse
scenarios.
Introduction
Studies based on the genotyping of affected probands
and their parents provide a powerful approach for de-
tection of either a direct effect of a candidate gene or
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linkage disequilibrium between a marker and a pre-
sumptive nearby gene involved in disease etiology (Falk
and Rubinstein 1987; Self et al. 1991; Spielman et al.
1993; Spielman and Ewens 1996). The design is inher-
ently robust against spurious associations that can some-
times arise in a genetically admixed population.
For a diallelic marker, the data from cases and their
parents can validly be analyzed by either the transmis-
sion/disequilibrium test (TDT) (Spielman et al. 1993) or
likelihood-based methods (Schaid and Sommer 1993;
Self et al. 1991; Weinberg et al. 1998). The likelihood-
ratio test (LRT) can outperform the TDT under either
a dominant model or a recessive model (Schaid 1999;
Weinberg et al. 1998), can be extended to allow for
possible prenatal maternal genetic effects mediated
through the maternal phenotype (Weinberg et al. 1998;
Wilcox et al. 1998), and can efficiently exploit infor-
mation from triads that are incomplete because of a
missing parent (Weinberg 1999).
Once a gene has been shown to be related to risk of
disease by these methods, the investigator might wish to
search further, for possible evidence of parent-of-origin
effects. For example, if the evidence for transmission
distortion to affected offspring is stronger for mothers
than for fathers, then this difference would suggest that
the maternally derived allele is more fully expressed than
is the paternally derived allele, perhaps because of dif-
ferentially active “epigenetic” expression-regulator
mechanisms, such as methylation.
A number of statistical techniques have been used for
detection of parent-of-origin effects, on the basis of case-
parents triads. The purpose of this study is first to cri-
tique the methods that are now in use or that have been
proposed. I then describe two new approaches to de-
tection of parent-of-origin effects, and I characterize
their power and other properties, via simulations.
Background
A log-linear model has been developed in previous
reports (Weinberg et al. 1998, 1999; Wilcox et al. 1998).
In brief, when a case-parents triad is genotyped and
jointly classified according to the number of copies of a
particular allele carried by the mother, father, and child
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Table 1
Frequencies in Case-Parents Triads
No. of Variant
Alleles
Parental Origin
(M and/or P)
Mating
Type
Theoretical
Frequencya
222 MP 1 S2R2m1
212 MP 2 S2R2m2
122 MP 2 S1R2m2
211 M 2 IMS2Rpm2
121 P 2 S1Rpm2
201 M 3 IMS2RPm3
021 P 3 RPm3
112 MP 4 S1R2m4
111 M or P 4 S (1 I )R m1 M P 4
110 4 S1m4
101 M 5 IMS1RPm5
011 P 5 RPm5
100 5 S1m5
010 5 m5
000 6 m6
a R2, S1, S2 are relative risks for , , , com-C  2 M  1 M  2
pared with no copies in the child or mother. Rp is the relative
risk for a single paternally inherited copy (relative to no copies
in the child or mother), and IMRP is the relative risk for a single
maternally inherited copy. if and only if there is noI  1M
parent-of-origin effect.
(to be denoted hereafter as “M,” “P,” and “C,” respec-
tively), there are 15 possible outcomes. The family-spe-
cific outcomes (i.e., the cell into which a particular triad
is classified) are independent, provided that each family
contributes only one case. The counts based on classi-
fication of the triads studied can therefore be thought
of as distributed according to a 15-cell multinomial.
Consider first a candidate gene for which two inher-
ited copies of a variant allele increase the child’s risk by
a factor of R2, whereas a single copy increases risk by
a factor R1. The risk could also depend on the number
of copies carried by the mother, through prenatal effects,
and the maternally mediated relative risks will be de-
noted as S1 and S2. To achieve robustness against pop-
ulation stratification, stratification by parental mating
type is imposed, as proposed by Schaid and Sommer
(1993). The mating type is defined by the parental com-
bination, M,P, and symmetry is assumed across parents
within each mating type; that is, the proportion of par-
ents in the population who are ( ) is as-M  m,P  p
sumed to equal the proportion of parents who are
( ).M  p,P  m
If there are parent-of-origin effects, then a slight mod-
ification of the model is required. Let Rp denote the
relative risk associated with a single copy inherited from
the father, and suppose that a single copy inherited from
the mother confers a relative risk of IMRp. The parameter
IM will be 1 if and only if there are no parent-of-origin
effects; IM will be 11 if a maternally derived copy is
associated with a greater increase in risk than a pater-
nally derived copy and will be !1 if a maternally derived
copy is associated with a smaller increase in risk than a
paternally derived copy. Table 1 shows the expected
counts in the 15 cells under such a model, which cor-
responds to a log-linear Poisson model. This model is
similar to that of table 4 in the report by Weinberg et
al. (1998) but follows a different andmore parsimonious
parameterization.
If the gene under study is not related to disease risk,
either directly or through linkage disequilibrium or ma-
ternal effects, then R1, R2, IM, S1, and S2 are all 1. Specific
hypotheses about effects of the inherited gene—for ex-
ample, —can be tested by comparing theR  R  11 2
fits of suitably nested models (with maximum-likelihood
fits obtained by standard software packages such as SAS)
and performing the corresponding likelihood-ratio x2
(LRT). In particular, the LRT for tests theR  R  11 2
same hypothesis as does the TDT.
Although forming a valid basis for statistical testing,
the model of table 1 is not strictly correct for a marker
under alternatives to the null hypothesis. This problem
arises because the risk may depend on parental geno-
types even after statistical conditioning on the inherited
genotype, because of possible recombinations during
formation of the gametes. Nevertheless, the model is
correct under the null hypothesis, and thus testing is
valid, whether the gene is regarded as a candidate gene
or as a marker.
By contrast, the TDT considers only transmissions
from parents who are heterozygous and is computa-
tionally simpler to perform. LetNMPC denote the number
of families that fall into genotype category MPC. Then
the number of heterozygous parents who have trans-
mitted the allele to their affected child is given by T 
, whereas theN N  2N N N N212 122 112 111 011 101
number of heterozygous parents who have not done so
is given by NT  N N  2N N N 211 121 110 111 010
. If we assume Mendelian inheritance of the gene,N100
then, under the null hypothesis that the allele under
study is either not in linkage with any disease-related
gene or not associated with the disease, T should be
binomially distributed on , with parameter .5.TNT
In particular, if the gene is unrelated to the disease within
all subpopulations, then transmission should be ran-
dom—that is, Mendelian—regardless of whether the off-
spring has the disease. The TDT tests this null hypoth-
esis, with a statistic whose distribution is approximately
x2 (1 df) under the null hypothesis: 2(TNT) /(T
.NT)
Existing Methods for Detection of Parent-of-Origin
Effects
When a TDT or likelihood-based analysis has revealed
significant evidence for linkage/association for a partic-
ular allele, and when the investigator wishes to explore
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parent-of-origin effects, a natural approach is to stratify
the transmission/nontransmission counts according to
whether the mother or the father is the source. (TheN111
cell usually needs to be omitted, because the source of
the inherited copy is ambiguous.) The total number of
usable paternal transmissions would be T  N p 212
, whereas the number of usable paternal non-N N112 011
transmissions would be ; theNT  N N Np 211 110 010
corresponding counts for the mother would be T M
and . Us-N N N NT  N N N122 112 101 M 121 110 100
ing the resulting table of counts, one can test2 # 2
whether the apparent distortion is more pronounced for
one parent than for the other. The test for differential
distortion in transmission is usually based on either
Fisher’s exact test or, for larger samples, the x2 (1 df)
for testing the equality of two proportions. This general
approach will be denoted as the “TDTMvsF” approach.
One problem with the TDTMvsF is that, when both
parents are heterozygous for the variant allele and there
is linkage/association, then the transmissions from the
two parents to an affected offspring are not statistically
independent. To see why this is so, consider a scenario
in which there are no parent-of-origin effects (i.e., the
null hypothesis for this test) for a candidate gene. For
simplicity, assume that there are also no maternal effects.
Then, for parents who are both heterozygous, the prob-
ability of maternal transmission given paternal trans-
mission can be shown to be , whereas theR /(R  R )2 2 1
probability of maternal transmission given no paternal
transmission is . The dependency betweenR /(1 R )1 1
the parental transmissions implies that Fisher’s exact test
and the x2 for equality of proportions are both invalid.
To avoid this problem, Weinberg et al. (1998) have
considered what they call the “transmission asymmetry
test” (TAT), which forms the same table but omits2 # 2
data from parents who are both heterozygous (the N110
and N112 counts). This data reduction ensures inde-
pendence of the parental transmissions, because each
family now contributes, at most, one heterozygous par-
ent to the analysis. The resulting test was found to have
very low power compared with the alternative, likeli-
hood-based approach (Weinberg et al. 1998).
Another problem is that both the TDTMvsF and the
TAT can be invalid (with a type I–error rate that differs
from the nominal level) if there are maternal effects. On
the basis of the expected counts given in table 1, even
when (the null hypothesis for parent-of-originI  1M
effects), for the TAT the paternal ratio of expected counts
for Tp:NTp would be ( ):( ),S R m  R m S R m  m2 2 2 1 5 2 1 2 5
whereas the corresponding maternal ratio would be
( ):( ). These ratios will not nec-R m  R m R m  m2 2 1 5 1 2 5
essarily be equal under the null hypothesis, because ma-
ternal effects can introduce differential weighting of the
maternal and paternal transmissions. For example, if
there is a maternal effect with and if , thenS 1 1 R ! R2 1 2
the preferential transmission to an affected offspringwill
appear to be higher maternally than paternally, giving
spurious evidence for a parent-of-origin effect. A similar
distortion would be seen with the TDTMvsF. For this rea-
son, methods based on different frequencies of trans-
mission from the mothers and fathers in case-parents
analyses can be invalid, unless the investigator can be
confident that there are no maternally mediated genetic
effects.
An appealing alternative is to fit the complete model
corresponding to table 1 and apply likelihood-based test-
ing to the question (Weinberg et al. 1998). One should
be able to fit a background model that incorporates the
possibility that there are bothmaternal effects and effects
of the number of inherited copies and then to fit an
extended model that also incorporates possible effects
of the parent of origin, by allowing values other than 1
for the IM parameter. The comparison of the two models
should theoretically yield a 1 df x2 statistic that is not
subject to the validity problems described above.
There is, however, a subtlety not fully appreciated in
earlier studies (Weinberg et al. 1998). If the gene under
study is in linkage disequilibrium with a different dis-
ease-susceptibility gene, then the formulation of table 1
is not strictly correct, for reasons mentioned already.
This means that a background model that includes R1
andR2, as in table 1, may not be quite correctly specified;
and it follows that the LRT for imprinting may not be
quite valid if the gene under study is a marker rather
than a candidate gene.
For easy reference, the issues that plague each of the
three methods are summarized in table 2. Clearly, the
challenge is to develop a valid test for parent-of-origin
effects that is valid in the presence of maternal effects
and that remains valid if the gene under study is amarker
that may be in linkage disequilibrium with a disease-
susceptibility gene.
Proposed Method
The proposed method is based on consideration of the
three mating types in which the mother and father carry
unequally many copies of the variant allele, with further
stratification on the number of inherited copies of the
allele, C. This second level of conditioning (on C) ef-
fectively removes any effects related jointly to the in-
herited number of copies and the parental-allele counts
M,P. The probability that is then expressible asM 1 P
is shown in table 3 and depends only on IM, S1, and S2.
For example, in the mating type in which one parent is
homozygous and the other is heterozygous and the child
has inherited two copies of the allele (rows two and three
in table 1), the probability that is obtained byM 1 P
dividing the corresponding theoretical frequencies, yield-
ing . (For strata in which the affected childS /(S  S )2 1 2
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Table 2
Assumptions Required for Existing Tests to Be Valid
Method of Testing for
Parent-of-Origin Effectsa Assumption(s) Required for Validity
TDTMvsF Never valid, unless there is no linkage/association for the gene under study, in which case, testing
for parent-of-origin effects is of little interest; moreover, a rejection of the null hypothesis would
logically imply invalidity of the test on which the rejection was based
TAT Valid in the absence of maternal effects, provided that inheritance of allele is Mendelian in the
population and that there is parental symmetry within mating types in the population studied
LRT based on full log-
linear model of table 1
Valid if inheritance of allele is Mendelian, if there is parental symmetry within mating types in
the population studied, and if the gene under study is not in linkage disequilibrium with
another disease-susceptibility gene
a All are 1 df x2 tests.
Table 3
Frequencies for Testing for Parent-of-Origin Effects
Stratum Defined by
Parental Mating
Type and C (MPC)
Conditional
(on Stratum)
Probability
That M 1 P
Odds
That
M 1 P
212∪ 122
S1
S S1 2
S2
S1
211∪ 121
I SM 2
I S SM 2 1
I SM 2
S1
201∪ 021
I SM 2
I S 1M 2 IMS2
101∪ 011
I SM 1
I S 1M 1 IMS1
100∪ 010
S1
1S1 S1
has inherited at least one copy of the allele, cor-M 1 P
responds to maternal transmission.) The corresponding
odds—that is, —is given in the lastPr[M 1 P]/Pr[P 1 M]
column of table 3 and takes a simple linear form, under
a logarithmic transformation. Notice that all dependence
on Rp and R2 (and possible gametic recombination) has
been removed by simultaneously conditioning on the
parental mating type and C.
The corresponding logistic model is as follows:
Pr[M 1 PFmating type,C]
ln( )Pr[M ! PFmating type,C]
 aI  bI  g[I  I ] , (1)1 1(C1) (MP 1) (MP1) (MP 2)
where when the comparison state-I  1(comparison statement)
ment holds and is 0 otherwise. The parameters in model
(1) have the following interpretation: ea is IM, e
b is S2,and
eg is S1. The test for parent-of-origin effects can then be
based on testing the null hypothesis that —for ex-a  0
ample, by means of an LRT. Model (1) is an uncondi-
tional logistic-regression formulation, and standard soft-
ware can be used. The user is cautioned, however, that
the model must be specified to exclude any intercept
parameter. The corresponding LRT for testing willa  0
hereafter be referred to as the “parent-of-origin LRT”
(PO-LRT). The model can also be used for estimation
of the parent-of-origin parameter, IM, and a confidence
interval (CI) is easily constructed that will, for example,
cover the true parameter 95% of the time, provided that
the sample size is adequate. One can also include allow-
ance for a possible interaction between a parent-of-or-
igin effect and an exposure, by extending model (1)
appropriately.
Model (1) as presented in table 3 can also be used to
estimate S1 and S2 in the presence of possible effects of
the inherited gene. This estimation avoids possible va-
lidity problems with the likelihood-based adjusted esti-
mation described above, which, for reasons discussed
above, will only be strictly valid for a candidate gene
(Weinberg et al. 1998; Wilcox et al. 1998) and not for
a marker.
If the investigator is willing to assume that there are
no maternal effects—that is, that andS  11
—then the first and last row of table 3 are omittedS  12
as noninformative, and the middle three rows then each
have odds IM for maternal transmission. In this situation,
the test of reduces to testing whether the prob-I  1M
ability of maternal transmission for those three strata is
.5, and a TDT-like statistic can be used. The test would
be based on the binomial, probability .5 distribution of
the count from the totalA  N N N A211 201 101
. If we let ,N N N B  N N N121 021 011 121 021 011
then the test statistic takes the simple form (A
, which should have a x2 distribution with 12B) /(A B)
df, under the null hypothesis that there are no parent-
of-origin effects. Notice that, in contrast to the TAT, this
test uses only heterozygous cases and includes counts for
transmissions from homozygous parents. This procedure
will be termed the “parental-asymmetry test” (PAT).
In some situations—for example, when there is a suf-
ficiently dense marker scan—the investigator may be
able to deduce the parent of origin for triads in which
all three individuals are heterozygous, by using the hap-
lotype data. Such transmission information can then be
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exploited by including a sixth row in table 3, wherewhat
would be modeled for that row is whether the mother
is the source of the inherited allele. Maternal transmis-
sion for the (1,1,1) stratum would carry an odds of IM,
with no dependence on either S1 or S2. Thus, when pa-
rental source can be determined, data from the (1,1,1)
stratum can be used regardless of whether the investi-
gator does or does not wish to allow for possible ma-
ternal effects, by use of either the PO-LRT or the PAT,
respectively.
Simulations
I simulated data from an admixed population, using
the same structure as had been used in a previous study
(Weinberg et al. 1998). In brief, a 20% subpopulation
had an allele prevalence of .3 and a background risk of
.05 (i.e., risk in those who had no copies and who had
a mother with no copies), whereas the complementary
80% subpopulation had an allele prevalence of .1 and
a background risk of .01. Each of the two subpopula-
tions was assumed to be inHardy-Weinberg equilibrium,
although the mixed population as a whole was not.
Case-parents–triad data were simulated under sce-
narios with and without a maternal contribution to risk
and with and without parent-of-origin effects. The sim-
ulations assumed that the triads in which all three had
one copy of the variant allele were indeterminate as to
the parent of origin and that they therefore had to be
excluded from analyses. The characteristics of the TAT
were compared with those of the PO-LRT, and esti-
mation based on model (1) was assessed by (a) com-
parison of the average estimated IM versus the known
true value and (b) assessment of the proportion of sim-
ulated studies for which the nominal 95% CI covered
the true parameter, IM. The simulated data included var-
ious numbers of case-parents triads (range 100–400),
although fewer than the listed N would have been in-
formative in the analyses performed. Each scenario was
simulated 1,000 times, to allow fairly precise estimation
of the type I–error rates, the powers, and the CI coverage
rates. If the true coverage rate is 95%, then the standard
error for the percent of intervals that cover, on the basis
of 1,000 simulations, is ∼0.7%, implying that observed
coverage rates of 93.6%–96.4% are quite consistent
with the nominal 95%.
The first set of simulations assessed behavior of the
three x2 tests in scenarios in which there were no parent-
of-origin effects, some of which includedmaternal effects
and some of which did not. The scenarios were all null
with respect to parent-of-origin effects.
The second set of simulations assessed the perform-
ance of the tests under alternatives to the null hypothesis.
One scenario provided that the allele from the father
was completely silenced. This was done by setting the
parameter vector (R1,R2,S1,S2,IM) to (1,4,1,1,4). In this
situation, a single copy from the father has no effect on
risk, whereas a single copy from the mother is associated
with a quadrupling of risk. The complement,
(4,4,1,1,.25)—in which it is the allele from the father
that is associated with a quadrupling of risk and the
maternal allele is silent—can be shown (on the basis of
a mathematical-symmetry argument) to have exactly the
same characteristics as (1,4,1,1,4) and does not need to
be assessed separately.
Another kind of scenario considered was one in which
there is not complete silencing of the allele from either
parent but in which there is differential expression. This
was done by assignment of the parameter values
(2,5,1,1,2)—that is, a single copy from the father confers
a doubling of risk, whereas a single copy from the
mother confers a quadrupling of risk. A third scenario
provides differential expression but no increase in the
risk to the child inheriting two copies, rather than one
copy, from the mother. This was done by use of param-
eters (2,6,1,1,3).
Finally, a set of simulations was performed for sce-
narios in which the only valid testing procedure is PO-
LRT, because of the presence of both maternal effects
and effects of the inherited gene. These simulations were
performed to assess bias, CI coverage, and power for
likelihood methods based on model (1). In the presence
of maternal effects, it does matter whether it is the ma-
ternally derived or paternally derived allele that is si-
lenced, so, for each scenario, the complementary sce-
nario was also simulated.
Results of Simulations
Results of simulations under the null hypothesis—that
is, when there are no parent-of-origin effects—are shown
in table 4. In the absence of maternal effects (table 4,
rows 1 and 2), all three testing procedures had empirical
type I–error rates that are consistent with the nominal
.05. In the presence of maternal effects, the type I–error
rate of the PAT was badly biased to 1.05, reflecting the
requirement that, for that test to be valid, there be no
maternal effects. The TAT becomes invalid too, although
less dramatically, as seen in the last five rows. For in-
stance, for 400 triads with the scenario (1,3,1,3,1), the
type I–error rate for the TAT is .136, revealing significant
bias for the transmission-based test. By contrast, the PO-
LRT remains valid even in the presence of maternal
effects.
The likelihood given in table 3 also permits estimation,
and the estimation of the parent-of-origin parameter, IM
(estimated on the logarithmic scale), was generally un-
biased, on the basis of the means and standard errors
(data not shown). The CI coverage was consistent with
the nominal 95%.
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Table 4
Results of Simulations of Scenarios with No Parent-of-Origin Effects
SCENARIOR1,R2,S1,S2,IM;
NO. OF TRIADS (1,000
SIMULATIONS/SCENARIO)
EMPIRICAL TYPE I
ERROR WITHa
PROPORTION
OF 95% CIS
THAT COVER IM
bTAT PAT PO-LRT
2,2,1,1,1; 100 .048 .047 .052 .961
2,2,1,1,1; 200 .056 .042 .057 .945
1,1,1,3,1; 100 .062 .327 .056 .946
1,1,1,3,1; 200 .050 .596 .054 .949
1,1,3,3,1; 100 .050 .694 .050 .962
1,1,3,3,1; 200 .055 .939 .049 .955
2,2,1,3,1; 100 .064 .398 .068 .942
2,2,1,3,1; 200 .067 .714 .059 .944
1,3,1,3,1; 100 .067 .286 .057 .952
1,3,1,3,1; 200 .081 .490 .048 .952
1,3,1,3,1; 400 .136 .797 .062 .940
a All tests are two sided, nominally set at level .05.
b CIs are nominally 95%.
Table 5
Results of Simulations of Scenarios with Parent-of-Origin Effects
SCENARIOR1,R2,S1,S2,IM;
NO. OF TRIADS (1,000
SIMULATIONS/SCENARIO)
EMPIRICAL
POWER WITH
PROPORTION
OF 95% CIS
THAT COVER IMTAT PAT PO-LRT
1,4,1,1,4; 100 .601 .989 .552 .954
1,4,1,1,4; 200 .856 1.000 .831 .954
1,4,1,1,4; 400 .992 1.000 .986 .953
2,5,1,1,2; 100 .217 .615 .190 .953
2,5,1,1,2; 200 .400 .892 .335 .948
2,5,1,1,2; 400 .678 .993 .584 .952
2,6,1,1,3; 100 .464 .954 .348 .964
2,6,1,1,3; 200 .748 1.000 .596 .944
2,6,1,1,3; 400 .960 1.000 .889 .943
NOTE.—Conditions are as defined in the footnotes to table 4.
Table 5 shows results for scenarios that included par-
ent-of-origin effects but that did not include maternal
effects, the only sort of scenario in which all three tests
are valid. The TAT was somewhat more powerful than
the PO-LRT, under every such scenario considered. But
the PAT was much more powerful than either the TAT
or the PO-LRT. Estimation appeared to be slightly biased
toward values away from 0 (on the basis of means of
the estimates; data not shown), but CI coverage based
on model (1) was, if anything, conservative, showing a
tendency to cover the true parameter with a frequency
slightly 1.95.
Table 6 shows results for scenarios that included both
parent-of-origin effects and maternal effects. Only the
PO-LRT is valid for such scenarios, so results are not
given for either the PAT or the TAT. CI coverage was
again statistically consistent with the nominal 95%, in-
dicating that estimation works well. In the presence of
deleterious maternal effects, silencing of the maternally
derived allele was easier to detect than the complemen-
tary silencing of the paternally derived allele (i.e., power
in rows 4–6 is better than that in rows 1–3). Differential
expression was also easier to detect when it was the
paternally derived allele, rather than the maternally de-
rived allele, that was overexpressed (rows 7–9 versus
rows 10–12).
Discussion
Although investigators already familiar with the TDT
will find it natural to look for parent-of-origin effects
by comparing the frequency of transmission from het-
erozygous mothers versus that from heterozygous fa-
thers, the development of a valid test based on differ-
ential transmission to offspring is problematic. If triads
in which both parents are heterozygous are included (as
they are in the TDT), then they can contaminate the
comparison, because of statistical dependency between
maternal and paternal transmissions. This problem does
not affect the TDT itself, because the null hypothesis for
the TDT is that the meiotic selection of an allele for
transmission is simply random, with probability .5. For
parent-of-origin effects, we do not begin with a null
hypothesis of randomness but, rather, with a null hy-
pothesis of equality of transmission (at some value that
may not be .5) for the mother and the father. In this
way, it is the existence of a real effect of the candidate
gene (or linkage disequilibrium for a marker) that in-
validates the TDTMvsF.
Although exclusion of those homozygous/homozy-
gous parents has seemed to be a simple solution to the
problem (Weinberg et al. 1998), the apparent transmis-
sion rates can be different for mothers compared with
fathers, if there are prenatal maternal effects on risk,
even when there are no parent-of-origin effects. Thus,
the test based on simple stratification of the TDT trans-
mission-count data (TDTMvsF) is always invalid, whereas
the reduced-data version, the TAT, will be invalid if there
are maternal effects.
A likelihood-based approach, based on simultaneous
stratification on both mating type and C, the inherited
number of copies of the allele, provides a reliably valid
alternative. The within-strata distribution of counts (ta-
ble 3) depends only on the maternal parameters S1 and
S2 and on the parent-of-origin parameter IM. The pri-
mary benefit of this reduction (compared with an LRT
based the model presented in table 1) is that the testing
is valid whether the gene under study is either a can-
didate gene or a marker that is possibly in linkage dis-
equilibrium with a nearby causative gene.
If the investigator is comfortable in assuming that
there are no maternal effects, then the TAT can be pre-
sumed to be valid. However, the simulations of table 5
demonstrate that, under that same assumption, the PAT
has much better power than the TAT.
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Table 6
Results of Simulations of Scenarios with Both Maternal and
Parent-of-Origin Effects
Scenario R1,R2,S1,S2,IM;
No. of Triads (1,000
Simulations/Scenario)
Empirical Power
with PO-LRT
Proportion
of 95% CIs
That Cover IM
1,3,1,3,3; 100 .360 .961
1,3,1,3,3; 200 .606 .960
1,3,1,3,3; 400 .881 .947
3,3,1,3,1/3; 100 .401 .944
3,3,1,3,1/3; 200 .686 .963
3,3,1,3,1/3; 400 .926 .955
2,6,1,3,3; 100 .296 .963
2,6,1,3,3; 200 .555 .953
2,6,1,3,3; 400 .807 .951
6,6,1,3,1/3; 100 .361 .961
6,6,1,3,1/3; 200 .639 .941
6,6,1,3,1/3; 400 .914 .953
NOTE.—Conditions are as defined in the footnotes to table
4.
By contrast, the power of the PO-LRT is disappointing
(table 5), so there is a price to pay for its robust validity.
One might imagine that it could be improved if a hybrid
stepwise procedure were performed: one could first test
for a maternal effect based on model (1)—that is, the
model as presented in table 3; if there were little evidence
for a maternal effect—say , based on the 2 df x2P 1 .10
LRT for S1 and S2—then one would simply revert to the
PAT. However, simulations (data not shown) revealed
this to be a dangerous procedure, with an overall type
I error rate that was significantly above the nominal .05.
Thus, if, a priori, there is any doubt about possible ma-
ternal effects, the investigator is advised to use the PO-
LRT.
The problem with use of the full log-linear model, on
the basis of the expected counts shown in table 1, is that
one must test the parent-of-origin hypothesis against a
reduced-background model that includes R1 and R2, and
this background model may not be properly specified if
the gene under study is a marker. The same point holds
for tests of maternal effects, adjusted for possible effects
of the inherited gene (Weinberg et al. 1998; Wilcox et
al. 1998). The model (1)–based LRT test of the null
hypothesis that there are no maternal effects remains
valid and appears to be comparable in powerwith results
given on the basis of the full LRT (Wilcox et al. 1998),
provided that one assumes that (simulations notI  1M
shown).
In summary, if the investigator is confident that there
are no maternal effects for the disease under study, then
the PAT offers excellent power for testing for parent-of-
origin effects. For diseases that could be subject to pre-
natal maternal effects, the only valid testing procedure
is the PO-LRT. Although the power of the PO-LRT (ta-
ble 5) is somewhat disappointing, if data from hetero-
zygous triads could be included (i.e., if the parental
source of the allele could be determined), then the power
of this likelihood-based procedure could be improved.
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